μ-Opioid receptors are among the most studied G protein-coupled receptors because of the therapeutic value of agonists, such as morphine, that are used to treat chronic pain. However, these drugs have significant side effects, such as respiratory suppression, constipation, allodynia, tolerance, and dependence, as well as abuse potential. Efforts to fine tune pain control while alleviating the side effects of drugs, both physiological and psychological, have led to the development of a wide variety of structurally diverse agonist ligands for the μ-opioid receptor, as well as compounds that target κ-and δ-opioid receptors. In recent years, the identification of allosteric ligands for some G protein-coupled receptors has provided breakthroughs in obtaining receptor subtype-selectivity that can reduce the overall side effect profiles of a potential drug. However, positive allosteric modulators (PAMs) can also have the specific advantage of only modulating the activity of the receptor when the orthosteric agonist occupies the receptor, thus maintaining spatial and temporal control of receptor signaling in vivo. This second advantage of allosteric modulators may yield breakthroughs in opioid receptor research and could lead to drugs with improved side-effect profiles or fewer tolerance and dependence issues compared with orthosteric opioid receptor agonists. Here, we describe the discovery and characterization of μ-opioid receptor PAMs and silent allosteric modulators, identified from high-throughput screening using a β-arrestin-recruitment assay.
analgesia | DAMGO | enkephalins | endorphins | endomorphin
Significance of Opioid Receptors
G protein-coupled receptors (GPCRs) are plasma membranespanning proteins that transduce signals via heterotrimeric G proteins on the inner surface of the plasma membrane, leading to intracellular signaling cascades involved in many aspects of cellular function (1) . The cell surface location, tissue distribution, and diversity of these GPCRs make them ideal targets for drug intervention. Indeed, about 30% of marketed drugs target specific GPCR activity (1, 2) .
Opioid receptors are members of the class A family of GPCRs. Four opioid receptor types exist [μ, δ, κ, and opioid receptor-like 1 (ORL1)], which share about 60% amino acid identity (mainly in the transmembrane domains) and signal through the G i/o family of heterotrimeric G proteins, resulting in inhibition of adenylyl cyclase, modulation of ion channel activity, and transcriptional changes in the cell (2) . Opioid receptors (and many other GPCRs) can also signal through non-G protein-mediated pathways, one of which is initiated by β-arrestin recruitment to the receptor. β-Arrestin is involved in receptor desensitization and internalization/recycling (3, 4) .
Opioid receptors are key targets in the management of pain and morphine and its derivatives induce pain relief by acting as agonists at opioid receptors, especially the μ-opioid receptor (5, 6) . Opioid receptors have been extensively studied because of the need for better pain control while trying to reduce or eliminate adverse side effects. These side effects include tolerance, respiratory suppression, constipation, allodynia, and dependence (3, 7).
To overcome these side effects, studies have focused on developing ligands with defined selectivity profiles between the various opioid receptors (μ, κ, δ), or partial agonists (which have reduced efficacy compared with full agonists), or agonists used together in combination therapy (7, 8) . However, these diverse approaches have a single commonality in that they target the orthosteric (endogenous) agonist-binding site of the receptor. A different approach that has been used successfully with other GPCRs is the discovery and development of allosteric ligands, which can have specific advantages over their orthosteric counterparts.
Allosteric Ligands
Allosteric ligands for a GPCR bind to a site on the receptor that is distinct from the site that binds the orthosteric (or endogenous) agonist (9) . An allosteric modulator can exhibit a range of activities at the target protein. Positive allosteric modulators (PAMs) may have no intrinsic efficacy but, when they bind to the receptor, enhance the binding affinity and/or efficacy of the orthosteric agonist. Negative allosteric modulators (NAMs) have no intrinsic agonist efficacy but, when they bind to the receptor, inhibit the binding affinity and/or efficacy of the orthosteric agonist. Silent allosteric modulators (SAMs), also known as neutral allosteric ligands, bind to the receptor but have no effect on orthosteric agonist affinity or efficacy. However, SAMs can act as competitive antagonists at the same allosteric site, blocking PAM or NAM activity. Although not particularly useful from a therapeutic standpoint, SAMs can be effective tools to show that presumed PAM or NAM effects are receptor-mediated. Finally, allosteric agonists can bind and produce direct agonist activation of the receptor even in the absence of orthosteric agonist.
Because allosteric sites are less evolutionarily conserved than orthosteric agonist-binding sites, allosteric ligands have the potential to exhibit greater selectivity between subtypes of GPCRs in the same family compared with orthosteric ligands. This has been demonstrated for some GPCRs, including metabotropic glutamate receptors, adenosine receptors, and muscarinic receptors (10) (11) (12) (13) (14) . Although highly selective orthosteric agonist ligands exist for opioid receptors, opioid receptor PAMs could potentially provide benefits over existing medications. PAMs, unlike allosteric agonists, may have no effect when they bind to the receptor in the absence of orthosteric agonist. Therefore, the modulation occurs only when an orthosteric agonist is bound to the receptor. In vivo, this leads to preservation of the temporal and spatial characteristics of cell signaling; this is important, especially for signaling in the complex neuronal networks in the brain and enteric nervous system. Additionally, by preserving the temporal aspects of native receptor signaling, PAMs may avoid receptor down-regulation and other compensatory mechanisms that are triggered by sustained receptor activation produced by exogenous orthosteric agonists. Therefore, one can speculate that opioid receptor PAMs could produce less tolerance and dependence than exogenous orthosteric agonists. Here, we describe the discovery and characterization of μ-opioid receptor PAMs and SAMs. A high-throughput screen (HTS) was developed and executed using a β-arrestin-recruitment assay. μ-Selective PAMs resulting from the HTS were shown to be active in β-arrestin-recruitment assays and in G protein-mediated signaling assays (inhibition of adenylyl cyclase activity and [
35 S] GTPγS binding). These studies describe the existence of μ-selective PAMs and SAMs, implicating positive allostery as a potential avenue for the discovery of tightly regulated pain therapeutics.
Results and Discussion
Identification of μ-Opioid Receptor PAMs. Potential opioid receptor ligands were identified from an HTS campaign using the PathHunter enzyme complementation assay technology (DiscoveRx) (15) . In this system, an N-terminal deletion mutant of β-galactosidase is fused to the C terminus of stably expressed β-arrestin 2 in human osteosarcoma (U2OS) cells. A mutated amino-terminal fragment of β-galactosidase, termed ProLink/enzyme donor (PK), is fused to the carboxyl terminus of the μ-opioid receptor (OPRM1) expressed in these cells (U2OS-OPRM1). Binding of arrestin to the activated μ-opioid receptor results in a complementation of the enzyme and reconstitution of enzyme activity, thus providing a measure of the recruitment of arrestin to the receptor. The HTS campaign was performed in the presence of a low (20 nM; ∼EC 10 ) concentration of the μ-selective orthosteric agonist, endomorphin-I, to identify both agonists and positive allosteric modulators (PAMs). Two compounds were identified as potential μ-opioid receptor PAMs (μ-PAMs). These compounds have been designated as BMS-986121 and BMS-986122 ( Fig. 1 A and B) . Neither BMS-986121 nor BMS-986122 produced significant β-arrestin recruitment on their own (agonist-detection mode), but both compounds significantly augmented the β-arrestin-recruitment response produced by a low concentration of endomorphin-I (PAM-detection mode) ( Fig. 1 C  and D) . In PAM-detection mode, BMS-986121 increased β-arrestin recruitment by 20 nM endomorphin-I to a maximal effect (E max ) of 76% [95% confidence interval (CI): 69-83%] of the response evoked by a maximally effective (1 μM) concentration of endomorphin-I, with an EC 50 of 1.0 μM (95% CI: 0.7-1.6 μM). BMS-986122 produced a similar PAM-detection mode response, increasing the effect of the low concentration of endomorphin-I to 83% (95% CI: 78-89%) of the maximal endomorphin-I response with an EC 50 of 3.0 μM (95% CI: 1.9-3.9 μM).
We have no direct evidence that these compounds bind to the μ-opioid receptor as opposed to an associated protein. To approach this problem, the compounds were examined in a similar assay in U2OS PathHunter cells expressing PK-tagged δ-opioid receptors (U2OS-OPRD1). Neither compound had any significant effect in the absence (agonist-detection mode) or the presence (PAM-detection mode) of an ∼EC 10 (0.4 nM) of the δ agonist leu-enkephalin ( Fig. 1 C and D) . Therefore, the compounds appear to be selective for μ-over δ-opioid receptors, which would support a direct interaction with μ receptors. However, we cannot rule out that the compounds might be SAMs at the δ-opioid receptor. SAMs bind to an allosteric site but do not produce any effect on orthosteric-agonist potency or efficacy.
Characterization of μ-PAMs. To further assess μ-PAM activity, BMS-986121 and BMS-986122 were tested in three functional assays, β-arrestin recruitment, inhibition of adenylyl cyclase activity, and G protein activation using [
35 S]GTPγS binding. Compounds were also assessed in receptor-binding assays.
Concentration-response curves (CRCs) for endomorphin-I-mediated recruitment of β-arrestin were generated in the absence or presence of varying concentrations of each μ-PAM. BMS-986121 ( Fig. 2A) or BMS-986122 ( Fig. 2B ) produced concentration-dependent and saturable leftward shifts in the potency of endomorphin-I. Curves were fitted globally using an allosteric ternary complex model (SI Materials and Methods). BMS-986121 produced a cooperativity factor (α) of 7 and a K b (the equilibrium dissociation constant for the PAM binding to its allosteric site) of 2 μM. BMS-986122 produced a cooperativity factor of 7 and a K b of 5 μM. The magnitude (fold shift) of the increase in endomorphin-I potency produced by each concentration of PAM is also shown (Fig. 2C) .
Opioid receptors inhibit adenylyl cyclase via Gα i/o proteins (16) . To assess the effects of the μ-PAMs on this signaling pathway, their effects were measured in a cAMP-accumulation assay. The cAMP-inhibition responses produced by opioid agonists in the U20S PathHunter cells were small and inadequate for robust measurement. Therefore, a Chinese hamster ovary (CHO) cell line recombinantly expressing human μ-opioid receptors (CHO-μ) was used. In this cell line, endomorphin-I produced a 17-fold reduction in forskolin-stimulated (1 μM) cAMP accumulation with an EC 50 of 76 pM (95% CI: 60-96 pM) (Fig. S1 ). BMS-986121 and BMS-986122 significantly increased the inhibition of forskolin-stimulated adenylyl cyclase activity produced by an ∼EC 10 (30 pM) concentration of endomorphin-I in CHO-μ cells ( Fig. 3 A and B) . BMS-986121 and BMS-986122 both afforded potentiation with EC 50 values of 3.1 μM (95% CI: 2.0-4.8 μM) and 8.9 μM (95% CI: 6.1-13.1 μM), respectively. These values are slightly higher than EC 50 values observed in the β-arrestin assay but are within threefold. The maximal inhibition produced by endomorphin-I in the presence of the PAMs was similar to that of a maximal concentration (10 nM) of endomorphin-I alone. In this assay, both μ-PAMs also exhibited some intrinsic agonist activity causing inhibition of cAMP accumulation in the absence of any orthosteric agonist (Fig. 3 A and B) . The low-efficacy agonist activity of BMS-986121 [EC 50 of 13 μM (95% CI: 4-51 μM); E max of 36% (95% CI: 21-52%)] was not always reproducible and, on some occasions, was too low to In agonist-detection mode, 0 and 100% activity represent basal activity and an E max of endomorphin-I (in U2OS-OPRM1, a sixfold signal) or leu-enkephalin (in U2OS-OPRD1, a fourfold signal), respectively. In PAM-detection mode, 0% activity is normalized to the low concentration (∼EC 10 ) of orthosteric agonist; 100% activity represents the response to an E max concentration of orthosteric agonist.
determine a fit of the concentration response data. BMS-986122 agonist activity [EC 50 of 41 μM (95% CI: 20-86 μM); E max of 60% (95% CI: 24-95%)] was more apparent. The agonist activity of BMS-986121 and BMS-986122 was seen only at concentrations above those required to produce significant potentiation of an endomorphin-I response, and both agonist responses failed to reach the E max of endomorphin-I. The EC 50 values for BMS-986121 and BMS-986122 in the absence of orthosteric agonist may more closely reflect the affinity of these compounds for the receptor because of the lack of reciprocal affinity modulation by the orthosteric agonist. The discrepancy between the agonist activity of the PAMs seen in this assay and the lack of agonist activity seen in the β-arrestin-recruitment assay in U2OS-OPRM1 cells may be attributable to differences in receptor reserve for the two assays and/or cell lines. It has been shown previously that PAMs can exhibit agonist activity in recombinant cells expressing high levels of GPCR protein (17) .
Next, the μ-PAMs were characterized in G protein activation (Fig. 4A) . BMS-986121 (10 μM) produced a fourfold leftward shift in the DAMGO CRC [EC 50 of 57 nM (95% CI: 37-89 nM)] (Fig.  S2A) . No significant agonist activity was detected for either of the PAM compounds in this assay.
μ-Opioid receptor ligand binding was determined in the presence of 100 mM NaCl and 10 μM GTPγS, a buffer that favors a low agonist-affinity state of the receptor (19, 20) . In saturation binding studies, the μ-PAM BMS-986122 did not affect [ (Fig. 4C,  Fig. S3A , and Table S1 ). Binding studies were also performed in Tris·HCl buffer in the absence of sodium and GTPγS, a buffer that favors a high agonist-affinity state of the receptor. In this buffer, DAMGO was ∼150-fold more potent in displacing [ (Table  S1 ). The K d of [ 3 H]diprenorphine was again unaffected by BMS-986122 (10 μM) (Table S1 ). Together, these data are consistent with the hypothesis that BMS-986122 can, at least in part, enhance the affinity of the orthosteric agonist DAMGO for the μ-opioid receptor. 
Enhancement of the maximal response to a partial agonist in the [
35 S]GTPγS-binding assay would suggest that the μ-PAMs are also able to modulate agonist efficacy. Morphine produced an E max of 42% (95% CI: 38-45%) of the response induced by 30 μM DAMGO after 5 min of incubation with [
35 S]GTPγS, with an EC 50 of 110 nM (95% CI: 71-171 nM) (Fig. 4B) , confirming that morphine is a partial agonist in this assay system relative to DAMGO (18) . The potency of morphine was shifted to the left threefold in the presence of 10 μM BMS-986122 [EC 50 of 38 nM (95% CI: 24-61 nM)], and the E max of morphine compared with DAMGO was increased [74% (95% CI: 68-81%)] (Fig. 4B) . Similar effects were observed in the presence of 10 μM BMS-986121, which increased morphine potency by 2.5-fold [EC 50 of 45 (95% CI: 29-68 nM)] and increased the E max of morphine [72% (95% CI: 67-78%)] (Fig. S2B) .
Although a full agonist in the β-arrestin-recruitment assay in U2OS-OPRM1 cells and in the inhibition of forskolin-stimulated cAMP assay in CHO-μ cells, endomorphin-I exhibits only partial agonist activity in the [ 35 S]GTPγS-binding assay in C6μ cell membranes (18) . In this assay, BMS-986122 (10 μM) produced similar effects on endomorphin-I potency and efficacy as those seen with morphine (Fig. S4) . Together, these data confirm that BMS-986122 can positively modulate agonist efficacy, measured as an increase in maximal responses to the partial agonists morphine and endomorphin-I in this system. To determine whether μ-PAM activity can be observed in native tissues, DAMGO-stimulated [ 35 S]GTPγS binding in membranes from mouse brain was assessed (Fig. 4D) Structure-Activity Studies and the Identification of μ-Opioid Receptor SAMs. A number of close analogs of BMS-986122 were tested in the β-arrestin-recruitment assay to explore the structureactivity relationship (SAR) of the chemical series. Of the 15 analogs tested, 13 showed at least some PAM activity at the μ receptor. None of these compounds showed agonist activity at the μ-opioid receptor (Fig. S5) . However, five of the analogs did show some weak agonist or PAM activity at the δ receptor (Fig.  S5) , suggesting that modifications to this chemotype may alter the selectivity for μ-opioid vs. δ-opioid receptors. It is also conceivable that other analogs tested may be SAMs at the δ-opioid receptor, which would not be detectable in this assay. Modifications to the structure of BMS-986122 affected the compound's PAM activity in U2OS-OPRM1 cells (Fig. S5 and Table  S2 ). For the most part, the analogs examined retain similar potencies relative to BMS-986122 (EC 50 values in the low micromolar range). However, minor changes to the structure of BMS-986122 led to a pronounced reduction in the E max values observed in PAM-detection mode. This can be inferred to correspond to a decrease in the maximum leftward shift in endomorphin-I potency that can be produced by a compound. Of the analogs tested, none exhibited greater PAM activity than the original screening hit BMS-986122.
It has been observed that allosteric modulators of GPCRs can often exhibit "activity switching" within a chemical series: minor modifications can change a compound from a PAM to a NAM or SAM (21) . Two of the 15 BMS-986122 analogs tested exhibited no measurable PAM activity, which could be attributable to loss of binding affinity, or functional switching from PAMs to NAMs or SAMs. Therefore, these two analogs (designated BMS-986123 and BMS-986124) were assessed for their ability to inhibit orthosteric agonist activity (in a NAM-detection mode assay) or for their ability to inhibit BMS-986122 PAM activity (a SAMdetection mode assay) in the β-arrestin-recruitment assay in U2OS-OPRM1 cells and in the [
35 S]GTPγS assay in C6μ cells. Neither compound significantly inhibited an EC 80 concentration of endomorphin-I (300 nM) (Fig. S6) , suggesting that they are not NAMs or orthosteric antagonists. However, both compounds were able to inhibit the PAM response to 12.5 μM (∼EC 80 ) BMS-986122 in U2OS-OPRM1 cells in the presence of 30 nM (∼EC 20 ) endomorphin-I (Fig. 5A) . Calculated K b values (the inhibition constant for a competitive antagonist which at equilibrium would occupy 50% of the receptors in the absence of agonist) for SAM activity of BMS-986123 and BMS-986124 were 1 and 2 μM, respectively (Table S2) . DAMGO potency to stimulate [
35 S]GTPγS binding in C6μ cell membranes [EC 50 of 224 nM (95% CI: 167-300 nM)] was again enhanced eightfold in the presence of BMS-986122 (10 μM) [EC 50 of 29 nM (95% CI: 22-38 nM)] (Fig. 5B and Fig. S7 ). Coaddition of BMS-986122 (10 μM) with BMS-986124 (50 μM) resulted in an inhibition of the PAM effect, with DAMGO potency enhanced less than twofold [EC 50 of 128 nM (95% CI: 97-168 nM)] (Fig. 5B and  Fig. S7 ). Together, these data confirm that the PAM effects of BMS-986122 can be antagonized by BMS-986124 and strongly suggest that BMS-986123 and BMS-986124 are μ-opioid receptor SAMs (μ-SAMs), competitive antagonists at the allosteric site to which BMS-986122 binds.
The μ-SAM BMS-986123 produced a small (∼twofold) but significant decrease in [ 3 H]diprenorphine-binding affinity (Fig. S3B) but had no significant effect on DAMGO-binding affinity (Table S1 ). The potency of DAMGO or morphine in the [
35 S] GTPγS assay was not significantly increased by BMS-986123 or BMS-986124 (Figs. S8 and S9) at 10 μM, although both SAMs increased morphine E max to a small degree (Fig. S9) . It is possible that these compounds are not truly "silent" (neutral) modulators and, in fact, show some weak efficacy enhancement that is only evident with a partial agonist (morphine) as opposed to a full agonist (DAMGO), although the observed enhancement in efficacy was relatively small. No significant agonist activity was detected for either of the SAM compounds in this assay.
Probe Dependence. Probe dependence (the ability of an allosteric modulator to modulate one orthosteric agonist differentially versus another) is a striking characteristic of some allosteric modulators (22) . BMS-986121 (100 μM) produced leftward shifts in the potency of endomorphin-I (fourfold), morphine (fivefold), and leu-enkephalin (sixfold), in inhibition of forskolin-stimulated cAMP-accumulation assays in CHO-μ cells (Fig. S10 ). Taken together with the DAMGO and morphine datasets from the [ 35 S] GTPγS-binding studies and the β-arrestin data, there is no current evidence to suggest marked agonist probe dependence because BMS-986121 produced similar potentiation of peptide agonist-and small molecule agonist-evoked responses.
Possible Implications of Opioid Receptor PAMs for Drug Discovery.
With traditional agonist ligands, the receptor is turned on for long periods (based on the dosing regime), often resulting in adverse effects, such as desensitization of the receptor response or receptor-mediated side effects caused by long-term stimulation. In the case of opioid receptors, long-term dosing with opiates leads to the development of tolerance and dependence, as well as other acute receptor-mediated side effects, such as respiratory suppression, constipation, and allodynia (23) . We have determined that the μ-PAMs described here can positively modulate μ-opioid receptor responses to the endogenous agonists endomorphin-I and leu-enkephalin. It will be important to determine whether μ-PAMs can produce antinociceptive effects when administered alone in vivo, by potentiating responses to endogenous opioid agonists. Evidence for a basal tone of μ-opioid receptor activation does exist. For example, inhibition of enkephalinases, which break down endogenous opioid peptides, results in antinociception in animal models of inflammatory and neuropathic pain (24) . In addition, the opioid receptor antagonist naloxone increased pain perception when administered to postoperative patients who were not receiving exogenous opiates, suggesting that endogenous opioid peptides produce a basal analgesic tone (25) .
Another advantage of PAMs is their ability to shift the potency of orthosteric agonist to the left by a finite amount. For example, the analogs of BMS-986122 (Table S2) showed a differential ability to shift the potency of endomorphin-I to the left, resulting in different E max values. Drug-development programs can take advantage of this finite potency shift to improve safety by designing PAMs that cannot exceed the required level of effect.
Opioid tolerance results from prolonged exposure to opiates, resulting in changes in neuronal function. Similarly, dependence occurs following chronic opioid administration. It can be hypothesized that a lower dose of morphine administered together with a μ-PAM might produce the same functional response as a higher dose of morphine alone and, so, may spare the development of tolerance and dependence. There is some precedence for this with GABA B receptors. The GABA B receptor PAM, GS39783, when combined with a low dose of agonist, produced the same level of functional response as a higher dose of GABA B agonist and yet produced less GABA B receptor desensitization (26) . This may suggest that coadministration of lower doses of opiates with a μ-PAM may discriminate between the therapeutic analgesic properties of opiates and their tolerance and dependence liabilities.
It should be noted that most of the untoward side effects of opiates (e.g., respiratory depression, constipation) are mediated through μ receptors, and there is no a priori reason to assume that μ-PAMs would not potentiate these unwanted effects of opiates, as well as their desired therapeutic effects. It has recently been suggested that biased signaling by opioid agonists may represent a therapeutic strategy for minimizing side effects while maintaining analgesic efficacy (27) . What effects, if any, μ-PAMs may have on signaling bias remain unknown. One can envision that a μ-PAM could potentially bias an orthosteric agonist response away from signaling pathways that mediate tolerance and dependence and other unwanted effects in favor of signaling pathways that mediate a therapeutic response. The ability of allosteric modulators to engender signaling bias has been observed in other systems (28) . Although this is currently speculation, answers to these important questions should be forthcoming using tools such as those described here.
Summary. We have characterized two μ-opioid receptor-selective PAMs. The BMS-986122 chemotype showed chemical tractability from SAR studies and also led to the identification of μ-opioid receptor SAMs. The two PAMs show potentiation of orthosteric agonist-mediated β-arrestin recruitment, adenylyl cyclase inhibition, and G protein activation. BMS-986122 potentiates DAMGO-mediated [ 35 S]GTPγS binding in mouse brain membranes and appears to be, at least in part, a positive affinity modulator of the μ-opioid receptor for DAMGO binding. These studies provide proof-of-concept for the development of opioid allosteric modulators that may have therapeutic potential in pain management with improved side-effect profiles and reduced tolerance and dependence liabilities.
Materials and Methods
Reagents and Cells. PathHunter β-arrestin U2OS cells engineered to express either PK-tagged OPRM1 (μ-opioid) receptors or PK-tagged OPRD1 (δ-opioid) receptors were from DiscoveRx. CHO cells (CHO-K1) expressing recombinant μ-opioid receptors (CHO-μ) were from PerkinElmer. C6 glioma cells stably expressing recombinant μ-opioid receptors (C6μ) were developed as described 
